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Abstract
Additive layer manufacturing offers many opportunities for the production of lightweight components, because of the high 
geometrical freedom that can be realized in comparison to conventional manufacturing processes. This potential gets 
demonstrated at the example of a bending beam. Therefore, a topology optimization is performed as well as the use of 
periodically arranged lattice structures. The latter ones show the constraint, that shear forces in the struts reduce the stiffness of 
the lattice. To avoid this, the structure has to be adapted to the flux of force. This thesis is supported by studies on a torque-
loaded shaft.
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1. Introduction
The use of lightweight design components has a multitude of advantages in various fields of application, like an 
increased efficiency of material and energy. In case of accelerated masses, the main benefit is the reduction of the 
energy, which is needed to operate the respective mechanical system. This leads to lower operating costs and a more 
efficient and sustainable use of resources [1, 2].
The approach of lightweight design can be distinguished in the three categories microscopic, mesoscopic and 
macroscopic. In this regard, microscopic design addresses the well-directed manipulation of the microstructure of 
one and the same material. In contrast, macroscopic lightweight strategies deal with the optimization of the part 
geometry in relation to the loads applied to it. Finally, mesoscopic approaches – as the main subject of this 
contribution – describe the use of material-structures like honeycombs, foams or lattices, which exhibit some very 
advantageous properties like low density along with high strength and stiffness [2, 3, 4, 5].
In the recent past, the realization of lightweight strategies – especially in case of macroscopic approaches –was
mainly restricted by the manufacturing technologies. Conventional processes like milling, turning or casting show a 
multitude of limitations concerning the geometrical freedom in part design [2]. In shape cutting for example, the 
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accessibility to the part-surface has to be assured. In casting, basic conditions like mold removability, draft angles or 
wall-thickness ratios have to be taken into account.
Alternatively to those production techniques, a new category of manufacturing processes has established since 
the year 1986: additive layer manufacturing (ALM) [6]. In ALM-processes, the joining of individual volume 
elements is getting adopted to build up a part. In Selective Laser Melting (SLM) for example, the process starts up
with the application of a layer of powder on a building platform. Afterwards, the powder material gets selectively
solidified by melting with a laser. This is followed by lowering the platform for the thickness of one layer and the 
anew adoption of powder material. This procedure is repeated until the manufacturing of the part has finished [8].
Thereby, it has to be mentioned that ALM-produced components show a minor anisotropic, orientation-dependent
material characteristic because of their generative composition in layers [9].
In the recent past, the application range of the SLM-process has extended from manufacturing of prototypic parts 
to the production of applicable technical components, as well as from the processability of plastics to the generation 
metal components [10, 7]. In case of complex parts and structures needed in small lot sizes, these techniques show 
advantages compared to conventional processes. Thus, it is possible to produce individual parts with tailored 
properties in a flexible and fast way.
Beyond these technical aspects, economical considerations play a major role when taking the use of ALM-
processes into account [11, 12]. In [12], the production costs of HSC-Milling, investment casting and ALM have 
been faced to each other for different sample parts, whereat the generative manufactured components have partly 
shown severe cost advantages for small lot sizes and complex structures
Therefore, for the design and production of tailored lightweight components, this kind of process features fewer 
restrictions concerning their part geometry as well as a reduction of costs for manufacturing and utilizing the 
lightweight components [2].
2. Comparison of macroscopic and mesoscopic lightweight approaches
As shown in topic 1, the use of SLM-processes has a lot of advantages in order to realize macroscopic and 
mesoscopic lightweight principles, due to its geometrical freedom in part design. To demonstrate the potentials of 
those generative produced lightweight components, the approaches were adopted to a beam with a predefined design 
space, see Figure 1(a). The optimized specimen is screwed into a test rig and a rising test load is applied at the other 
end of the beam.
To evaluate the results, the stiffness-to-mass-ratio is determined and contrasted to a comparable standard beam
[2]. According to the design space for optimization, the standard beam has a constant bending length of 200 mm. 
The broadness-to-height-ratio of the cross-sectional area is kept constant at 5/2, see Figure 1(b). Considering these 
boundary conditions, the area of the cross section is adapted in such a way, that the bending stiffness of both, the 
optimized and the standard beam, is equal. Thus, the beams have comparable mechanical properties and can be 
evaluated by comparing their masses or respectively their stiffness-to-mass-ratios.
Figure 1. (a) Design space of the beam for upcoming lightweight optimization [2]; (b) Cross-section of the standard beam for evaluation of the 
optimization results
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2.1. Macroscopic lightweight design
In case of macroscopic lightweight approaches, a finite-elements-method (FEM) based topology optimization 
was executed. In topology optimization, an ideal distribution of material inside a predetermined design space is 
getting calculated. The result is a draft of the treated part, which fulfills the given requirements concerning stability 
and does not show any unnecessary concentrations of material in low stressed part areas. Using conventional 
manufacturing processes, these ideal design solutions can mostly not be produced without any changes, because 
there have to be expected several boundary conditions like accessibility for cutting processes or mold removability. 
However, in ALM, most solutions achieved by a topology optimization can be adopted almost directly.
The optimization has been executed and the part was built up by the SLM-process with the material AlSi12, see
Figure 2. Thereby, the specimen has shown an averaged bending stiffness of 148 N/mm in its elastic range. In 
combination with its mass of 108 g, this results in a stiffness-to-mass-ratio of 1,37 N/(mm·g) [2].
A comparable standard beam as described in topic 2 with the same bending stiffness would have a weight of 
339 g [2], which leads to a ratio of 0.437 N/(mm·g). This corresponds to an improvement of 214 %.
Figure 2. Bending beam after topology optimization [2]
2.2. Mesoscopic lightweight design
In mesoscopic lightweight design, the massive material of a component is getting replaced by lightweight 
patterns like lattice structures or honeycombs. As a mesoscopic lightweight approach, periodically arranged lattice 
structures have been applied to the design space of the beam. To avoid overstressing of singular struts in the areas of 
force application or screw connection, these parts were kept massive to achieve a smooth transmission of the 
stresses, see Figure 3.
The part has been built up and tested according to topic 2.1. Thereby, the specimen has shown an average 
bending stiffness of 71,4 N/mm in its elastic range. In combination with its mass of 100 g, this results in a stiffness-
to-mass-ratio of 0,714 N/(mm·g) [2].
A comparable standard beam as described in topic 2 with the same bending stiffness would have a weight of 
166 g [2], which leads to a ratio of 0,430 N/(mm·g). This corresponds to an improvement of 66,0 %.
Both masses, the optimized and the standard one, are specified without the massive screw connection and the 
massive force application, because both were not part of the optimization.
Figure 3. Bending beam with a body consisting of a regular lattice structure [2]
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2.3. Comparison
The results have shown that the stiffness-to-mass-ratio of both, the macroscopic and the mesoscopic approach,
has improved in comparison to the standard beam. Further analyses exhibited, that the achievements can be 
enhanced if struts are only placed in areas, where an FEM-calculation shows high stresses. In this case, the stiffness-
to-mass-ratio has improved for 228 % compared to the standard beam, see Table 1 [2].
Table 1. Comparison of the presented lightweight approaces
Lightweight approach Stiffness-to-mass-ratio
[N/(mm·g)]
Improvement compared to standard beam
[%]
Regular lattice structures 0,714    66,0
Topology optimization 1,37 214
FEM-optimized lattice structures 1,28 228
As it can be seen, the approaches ‘topology optimization’ and ‘FEM-optimized lattice structures’ perform a 
multiple better than the ‘regular lattice structures’. This is grounded in the fact that the former both are adapted to 
the stresses inside the part, which are caused by the loads applied to it.
The regular lattice structure in contrast is designed with a periodically arranged pattern. This leads to the 
assumption, that the structure examined in topic 2.2 would show better results, if its structure were adapted to the 
loads applied to the part.
3. Parametric study of lattice structures
In order to assay this thesis, a torsion-loaded hollow shaft has been examined by FEM-simulations. This example 
has been chosen, because it has a regular distribution of stress. This distribution on the one hand concerns the value 
of the stress, which depends on the distance to the shaft axis and can be assumed as constant for a thin walled shaft. 
On the other hand, the direction of the flux of force inside the hollow shaft has a steady orientation along a helix,
which can be replicated easily by mesoscopic structures. Therefore, for further examinations, a shaft composed of a 
helix-shaped lattice structure with supporting struts to carry the load, and counterrotating stiffening struts to harden
the structure, has been constructed, as it can be seen in Figure 4(a).
Figure 4. (a) Torsion-loaded shaft composed of a helix-shaped lattice structure; (b) Examined parameters of the helix-shaped lattice structure
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There was defined a reference structure with determined parameters, which was taken as starting point for the 
following studies. Its parameters can be gathered from Table 2.
Table 2. Parameters of the reference structure of the torsion-loaded shaft, see Figure 4(b)
Parameter Value Measurement unit
Diameter of the shaft 25 mm
Length of the shaft 150 mm
Diameter of the supporting struts (da) 2 mm
Number of supporting struts 10 -
Angle of the supporting struts (ĳa) 45 °
Diameter of the stiffening struts (db) 2 mm
Number of stiffening struts 10 -
Angle of the stiffening struts (ĳb) 45 °
Starting with this reference structure, there have been executed studies about the influence of the following 
parameters on the torsion stiffness of the shaft, see Figure 4(b):
x Diameter of the supporting struts (da)
x Diameter of the stiffening struts (db)
x Angle of the supporting struts relative to the shaft axis (ĳa)
x Angle of the stiffening struts relative to the shaft axis (ĳb)
x Number of supporting struts (number of helices carrying the load)
x Number of stiffening struts (number of helices stiffening the structure)
x Direction of the torsional moment (MT)
According to topic 2, the results have been evaluated by the use of an adequate factor, in this case the product of 
the torsion angle and the mass of the shaft, whereas a minor factor is desirable.
3.1. Diameter of the struts and direction of the torsional moment
Starting with the described reference structure, the influence of the diameter of the supporting struts da and the 
stiffening struts db have been varied. To reduce the effort for building up the simulation models, two calculations 
have been performed with one model by inverting the direction of the torsional moment. This procedure is feasible 
because the angle for both, the supporting and the stiffening struts is 45°. Thus, by changing the direction, the 
supporting strut becomes the stiffening strut and vice versa. Hence, it becomes possible to achieve results for the 
three parameters
x diameter of the supporting struts (da),
x diameter of the stiffening struts (db), and
x direction of the torsional moment (MT)
with just one simulation model.
It has shown that the direction of the torsional moment does not have any influence on the value of the stiffness 
in this specific case. On closer examinations regarding the reason for this behavior, one can recognize the fact, that 
in case of same angles for supporting and stiffening struts (both 45° in this case), the value of the stress in both kinds 
of struts is the same. The only difference is in the algebraic sign of the stress because the supporting struts are 
compression-loaded and the stiffening struts are tensile-loaded.
Another conclusion of these examinations is that, in case of equal angles and therefore equal forces on the struts, 
the ratio of stiffness to mass is getting worse when the diameters of the struts diverge, see Figure 5.
Furthermore, when varying the diameters of the supporting and the stiffening struts in the same way, it can be 
seen that the stiffness of the shaft changes according to the cross-sectional area of the struts, while the mass of the 
shaft changes in a minor degree. This is rooted in the fact, that the percentage of strut volume in crossover points 
increases which has a positive effect on the total mass.
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Figure 5. Finite-Elements-Simulation (a) Reference structure; (b) Diameter of the supporting structure = 1 mm
3.2. Number of struts
Analog to the proceeding in topic 3.1, the number of supporting and stiffening struts has been varied. The 
conclusions of these examinations are similar to the one in the topic above. Here, the ratio of stiffness to mass is 
getting worse, too when the number of struts diverge for similar angles. And it can also be seen, that in case of 
equally varying the numbers of struts, the stiffness of the shaft changes according to the cross-sectional area of the 
struts while the mass of the shaft changes in a minor degree.
3.3. Angle of the struts
Another parameter affecting the torsional stiffness of the helical lattice structure is the angle of the supporting 
and the stiffening struts. Here, examinations concerning the angle between the struts and the shaft axis, as well as 
the angle between the supporting and the stiffening struts have to be taken into account.
First of all, the angle of the stiffening struts has been varied while the angle of the supporting struts has been 
fixed at 30° as well as the rest of the parameters according Table 2. Regarding Table 3, it can be recognized that it is 
favorable if the supporting and the stiffening struts have the same angle compared to the shaft axis. This has also 
been shown for other angle matching. The reason for that is that for different angles, the loads on the struts deviate 
from each other and therefore, in case of constant cross-sectional areas, the stress in the individual struts is not 
equal.
Table 3. Variation of the angle of the stiffening struts
Angle of the stiffening struts 
compared to the shaft axis [°]
Difference between the angles of the
stiffening and the supporting struts [°]
Product of torsion angle
and mass of the shaft [°·g]
30 0 5,81
45 15 6,63
60 30 8,13
Based on this result, both angles have been varied the same way according to Table 4. It is recognizable that the 
best result can be achieved at an angle of 45° for both, the stiffening and the supporting strut.
This can be explained with the help of the main stress tensors of a torsion-loaded hollow shaft. These tensors in 
compression and tensile direction run along a helical path with an angle of 45° compared to the shaft axis, just like 
the optimum angles of the struts. For this case the struts are orientated along the flux of force inside a hollow shaft. 
Thereby, there are no bending loads appearing in the struts. This is very favorable because a lattice structure like this 
can be seen as a space truss in mesoscopic dimensions, and in an ideal truss, only push and pull forces appear, which 
is provided in this case.
0,000               10,000              20,000 (mm)
5,000              15,000
0,000 min
2,059 max
1,030
a) Reference structure (mass = 30,0g)
0,000 min
4,298 max
2,149
b) Diameter supporting strutt = 1 mm (mass = 20,8g)
Displacement (mm) Displacement (mm)
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Table 4. Equal variation of the angles of the supporting and the stiffening struts
Angle of the stiffening struts 
compared to the shaft axis [°]
Angle of the supporting struts 
compared to the shaft axis [°]
Product of torsion angle
and mass of the shaft [°·g]
30 30 5,81
45 45 4,89
60 60 5,01
3.4. Conclusion of the parameter studies
There are two main results, achieved from the parameter studies on the torsion shaft composed of a helix-shaped 
lattice structure.
One conclusion of the analysis is that the angle of the supporting struts has a main influence on the torsion-
stiffness of the shaft. To achieve an ideal lightweight structure, the struts of a lattice structure should be orientated 
along the flux of force inside a component.
Another finding is that the stress inside the individual struts should be about the same value. In topics 3.1 and 3.2,
it was recognizable that the performance of a lightweight structure went worse when the cross-sectional areas of the 
individual struts deviated from each other while the load on each strut was equal. On the other hand, in topic 3.3, the 
same result appeared when the loads on the individual struts deviated due to different angles and the cross-sectional 
areas were equal.
These principles can also be found in nature, for example in bones like the cancellous bone. Here, the spongy 
bone structure is orientated along the main stress axis and thereby along the flux of force. Furthermore, the density 
of the bone structure is not constant but varies depending on the stress. This leads to an extremely material saving 
and load-dependent constitution [13, 14].
4. Results and Discussion
It has been shown, that additive layer manufacturing has lots of advantages concerning the production of 
lightweight design components. This is founded in the high geometrical freedom, which can be realized in 
comparison to conventional manufacturing processes.
The potential of these ALM-produced approaches was demonstrated with the example of a bending beam. Here, 
the stiffness-to-mass-ratio was more than doubled compared to a standard beam with the same stiffness. 
Nevertheless, it was exemplified that – in case of the periodically arranged lattice structures – the struts were 
unfavorably loaded with shear forces. To avoid this, the struts have to be orientated along the flux of force in a 
lightweight designed component. To support this thesis, studies have been executed on a torsion-loaded shaft 
composed of a helix-shaped lattice structure. It has been shown, that the stiffness of the shaft reached its maximum, 
when the struts were adapted to the principle stress, which is an indication for the accuracy of the claim.
Furthermore, the individual struts should be dimensioned in a way, in which equal stresses appear in all of them. 
This leads to an efficient material utilization and therefore a good lightweight design of components.
In further works, the dependencies between the parameters ‘number of struts’, ‘diameter of the struts’ and ‘angle 
of the struts’ have to be examined in detail. Therefore, the correlation between the loads on the struts and their cross-
sectional area can be shown on a more founded base. Furthermore, the studies will be broadened to more complex 
parts with a non-uniform flux of force. In addition, strategies will be developed to achieve the described optimized 
lattice structures from an FEM-simulation of the design space of a part. To respond to the anisotropic material 
behavior of ALM-produced parts, this aspect has to be taken into account when optimizing the structural run.
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